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A Differential Response of Two Putative
Mammalian Circadian Regulators,
mper1 and mper2, to Light
night regime by environmental cues such as light and
temperature cycles (Pittendrigh, 1993; Takahashi, 1995).
It is predicted that some of the proteins that control
the circadian process in mammals are related to those
found in fruit flies (Hall, 1990; Siwicki et al., 1992). In
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Drosophila, per and timeless (tim) encode essentialHouston, Texas 77030
components of the circadian clock (Sehgal et al., 1994;³Max-Planck Institute for Experimental Endocrinology
Reppert and Sauman, 1995). A heterodimer of Per andFeodor-Lynen-Strasse 7
Tim proteins is thought to regulate the circadian process30625 Hannover
by creating a negative feedback loop controlling perGermany
and tim expression (Zeng et al., 1996). Two lines of
evidence, the oscillatory nature of per expression and
the phenotype of per mutants, indicate the central role
Summary of the per gene in the circadian machinery of insects
(Konopka and Benzer, 1971; Citri et al., 1987; Hardin et
A mouse gene, mper1, having all the properties ex- al., 1990; Hall, 1996).
pected of a circadian clock gene, was reported re- The circadian clock mechanism can be divided into
cently. This gene is expressed in a circadian pattern in three components: (1) the input signaling mechanisms,
the suprachiasmatic nucleus (SCN). mper1 maintains (2) a circadian pacemaker or clock, and (3) the output
this pattern of circadian expression in constant dark- signaling mechanisms. The input involves the transmis-
ness and can be entrained to a new light/dark cycle. sion of diurnal environmental cues such as light to the
Here we report the isolation of a second mammalian clock, primarily through the retinohypothalamic tract (re-
gene, mper2, which also has these properties and viewed in Moore, 1995). The circadian pacemaker inte-
greater homology to Drosophila period. Expression of grates external cues and initiates a variety of signals to
the output pathway. In other words, the output pathwaymper1 and mper2 is overlapping but asynchronous by
transmits the clock's rhythm to the body to evoke a4 hr. mper1, unlike period and mper2 , is expressed
variety of circadian behaviors such as the sleep/wakerapidly after exposure to light at CT22. It appears that
cycle. Despite the complex role played by the circadianmper1 is the pacemaker component which responds
pacemaker, it mayconsist of a limited number of compo-to light and thus mediates photic entrainment.
nents. Thus, it should be possible to identify such com-
ponents either through genetic screens in mice (King etIntroduction
al., 1997), through homology screens of libraries (Tei et
al., 1997), or through homology searches in data bases
That genes control circadian rhythms of higher organ-
(this study). The recent identification of a human or-
isms was first established in the fruit fly by Konopka
tholog of Drosophila per has created opportunities to
and Benzer (1971), who demonstrated that certain point investigate the mammalian circadian clock. This gene
mutations in Drosophila melanogaster caused altered was independently discovered by Sun et al. (1997), who
circadian rhythms. The mutated gene, period (per), was named it RIGUI (after an ancient Chinese sundial) and
subsequently isolated (Bargiello et al., 1984) and was by Tei et al. (1997) whonamed it hper (because of protein
found to be expressed in a circadian pattern (Hardin et sequence similarity with Drosophila per). The mouse
al., 1990). This finding, and similar data from bacteria, homolog is a novel mammalian gene that meets the
fungi, and plants, has led to the general idea that periodi- properties of a circadian regulator, such as circadian
cally expressed genes constitute thephysiological basis expression in the suprachiasmatic nucleus (SCN), self-
of circadian clocks in all living organisms (Hall and Ros- sustained oscillation, and entrainment of circadian ex-
bash, 1993; Takahashi, 1995; Dunlap, 1996). The circa- pression by external light cues. In this paper, we adopted
dian rhythm that controls the mammalian sleep/wake the convention of referring to this gene and the similar
cycle is being investigated intensively. However, themo- gene described below as mper. Other genes of this
lecular components that constitute this circadian clock family are also designated per.
and the cellular organization that sets the phase and We noted the existence of another PER-like human
pace of the circadian clock in mammals were, until very gene, KIAA0347 (KIAA is an acronym used by Kazusa
DNA Research Institute to name their cDNA clones), inrecently, virtually unknown. Extensive physiological and
the Genbank data base (Sun et al., 1997). Here we reportbehavioral studies have established that the circadian
the isolation of the mouse homolog of this gene andclock is characterized by a cycle of approximately 24
demonstrate high sequence homology with the mperhr in duration. When organisms are placed in darkness
protein. Therefore, we have named this gene mper2 andor constant light, this clock is self-sustaining, behaving
the first described mper gene as mper1. To discoveras a pacemaker. The endogenous clock is further distin-
whether mper2 behaves as a circadian clock compo-guished by its ability to be entrained to a new day/
nent, mice were subjected to various light/dark cycle
conditions, and their brains were analyzed for mper2
gene expression. Such experiments reveal diurnal ex-§To whom correspondence should be addressed.
‖ These authors contributed equally to this work. pression of mper2 in the SCN, the ability of this gene
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to be expressed in a free-running manner, and its ability
to be entrained by an external light cue. Similar findings
were reported for mper1 (Sun et al., 1997; Tei et al.,
1997), but the zeniths of expression of mper1 and mper2
differ by approximately 4 hr. The striking response of
these genes to environmental light in an entrainment
experiment raises the possibility that expression of the
mper genes is light-inducible, as had been reported for
frequency, the pacemaker gene of Neurospora crassa
(Crosthwaite et al., 1995). We find that in the retinore-
cipient region of the SCN, mper1 but not mper2 is rapidly
induced by a pulse of light at CT22. Thus, mper1 may
not only be a clock component but also a target of
the light-activated input pathway of the circadian
machinery.
Results
Isolation and Characterization of mper2 cDNAs
Since the expression of mper1 displays expression
Figure 1. Northern Blot of Adult Mouse Tissues Probed with mper2properties expected from a circadian gene, we wanted
to test the hypothesis that other genes that encode A predominant band of about 7 kb is detected.
proteins homologous to mper1 may have a similar func-
tion. The protein sequence encoded by the human PER1
gene was used to search the Genbank data base. BLAST encompasses approximately 260 amino acids and con-
and FASTA searches revealed high sequence similarity tains two imperfect repeats of about 50 amino acids
of the open reading frame (ORF) of hPER1 with an ORF each (PAS A and PAS B motifs, Figure 2). In addition,
encoded by a human cDNA designated as KIAA0347 there is a 40±45 amino acid region C-terminal to the
(Nagase et al., 1997). A BLAST search yielded a homol- PAS B repeat, known as the PAC motif (Ponting and
ogy probability score P(N) of 7.1 e2271 between hPER1 Aravind, 1997).
and KIAA0347ÐP(N) is the probability of finding a seg- As shown below, the new mouse gene displays a
ment pair with an equal or greater match (Altschul et circadian rhythm of expression. This striking feature,
al., 1990). As a point of reference, the score between and the significant sequence homology to mper1 (Figure
hPERI and the Drosophila period gene product was 2.2 2), suggests that a member of the period family of PAS
e223. hPER1 and KIAA0347 are 47% identical and 70% domain proteins was isolated. Accordingly, we named
homologous (identity, conserved, and neutral substitu-
this gene mper2.
tions).
Use of the PHDsec program (EMBL) for secondary
To identify the mouse homolog of this human gene,
structure analysis revealed that the N-terminal region of
we applied the RT-PCR technique using mouse brain
mper1 contains a putative basic helix-loop-helix (bHLH)cDNA as template. The nucleotide sequence of the iso-
motif (Sun et al., 1997). The mper2 predicted amino acidlated 539 nt long PCR product was 81% identical to
sequence was subjected to the same analysis. ThereKIAA0347, suggesting that we had isolated the mouse
are two helical regions, separated by about ten aminohomolog of this gene. A Northern blot was probed with
acids that may have conformations typical for a loopthe PCR fragment and revealed a predominant band at
(Figure 2). The mper1 predicted protein has three basicabout 7 kb in most mouse tissues (Figure 1). mper1 is
amino acids in the putative basic region, whereas mper2expressed in the same tissues and also in skeletal mus-
has only two. Having such a bHLH motif would qualifycle and in testis (Sun et al., 1997).
the mper proteins as transcription factors. However,To obtain a longer cDNA, we screened an adult mouse
given the low content of basic residues in the basicbrain cDNA library with the 539 nt PCR probe and identi-
region, it remains open as to whether mpers are indeedfied seven cDNAs. Restriction enzyme mapping sug-
transcription factors. As a point of reference, knowngested that these clones were overlapping fragments
bHLH transcription factors have between 5 and 7 basicof the same gene. A cDNA of about 6 kb in length was
residues in the basic region, some of which make con-sequenced in both directions and translated into an ORF
tact to the DNA (Ma et al., 1994).consisting of 1257 amino acids (Figure 2). Protein se-
Using BLAST and FASTA analysis, the predicted pro-quence comparison between mper1 and the new mouse
tein sequence of mper2 was compared to currentlygene revealed 47% identity. When conserved and neu-
known PAS domain-containing proteins. Although theretral substitutions are included, homology was 70% (Fig-
is significant homology between the PAS domains, theure 2). In the PAS domain, the amino acid sequence
proteins, other than the period family of proteins, areidentity was 61%. This domain is involved in protein±
very divergent in the rest of the ORF. The predictedprotein interactions (Huang et al., 1993; Lindebro et al.,
sequences of the currently known PAS domain proteins1995; Zelzer et al., 1997) and was initially observed in
implicated in circadian functions were analyzed byDrosophila Period (Per), in human aryl hydrocarbon re-
BLAST comparison. The salient points of this compari-ceptor nuclear translocator protein (ARNT), and the Dro-
sophila Single minded protein (SIM). The PAS domain son are: (1) mper1 and mper2 are the most homologous
Inducibility of Circadian Regulators by Light
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Figure 2. Comparison of the Predicted Protein Sequences of Mper1 and Mper2
Alignment of the two protein sequences was carried out by the pattern-induced multi-sequence alignment program (PIMA) and revealed
marked identity between them (Smith and Smith, 1992). The amino acids shaded in red are identical, those shaded in blue are conserved
substitutions, and those shaded in green are neutral substitutions. The bHLH motif, the PAS A, PAS B, and the PAC motifs are indicated by
horizontal lines. The PAS A, PAS B, and PAC motifs constitute the PAS domain.
proteinsÐBLAST probability score P(N) of 7.1e2271. (2) mper2 Is Expressed in a Diurnal Pattern
in the SCNmper2 is closer to the Drosophila period gene product
than is mper1ÐBLAST probability score P(N) of 3.0e224 Putative circadian regulator molecules should have the
following characteristics. First, their expression shouldand 2.2e223, respectively. Specifically, the overall per-
cent homology between mper2 and per is 53%, whereas oscillate with a 24 hr rhythm. Second, they should be
expressed in the SCN, a group of hypothalamic neuronsthis figure drops to 44% when comparing mper1 and
per. (3) The clock protein, the only mammalian PAS do- functioning as the master regulator of mammalian cir-
cadian rhythms (Ralph et al., 1990). Third, circadian ex-main protein for which there is functional evidence for
involvement in circadian rhythms (King et al., 1997), is pression must persist in the absence of environmental
cues such as light (free-running condition). Fourth, thedistantly related to the period family members where
BLAST probability scores, P(N) between 1.6e24 and intrinsic rhythm of expression should be reset by changes
in the oscillation of environmental cues (entrainment). In7.1e29 are observed for the various comparisons. Since
mper2 is related to mper1, it is possible that mper2 is what follows, we show that mper2 meets these criteria.
Expression of mper2 in sections of brains from 129/also part of the circadian oscillator.
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Figure 3. Expression of mper2 in the Mouse
Brain
All micrographs were taken from brains of
129/SvEvBrd male mice. (A and B) Sagittal
sections through the SCN. High expression
levels of mper2 in the SCN at ZT12 (A). At
ZT24, expression of mper2 is no longer de-
tected (B).
(C±E) Expression of mper2 in the hippocam-
pus (C), piriform cortex (D) and the olfactory
bulb (E) is constitutive.
(F) Hybridization of the sense mper2 ribo-
probe in the olfactory bulb reveals a low back-
ground signal.
Abbreviations: c, caudal; CA,cornu ammonis;
d, dorsal; dg, dentate gyrus; gl, glomeruli; ml,
mitral cell layer; p, periglomerular cells; pfc,
piriform cortex; r, rostral; v, ventral. Scale
bars correspond to 500 mm in (A), (B), (C), and
(D), and to 300 mm in (E) and (F).
SvEvBrd adult male mice were analyzed by in situ hy- ZT12, ZT18, and ZT24 for mper1 (top row, yellow signal)
and mper2 (bottom row, red signal). As previously re-bridization, using an antisense mper2 riboprobe. Ani-
mals were kept in a 12 hr light/12 hr dark cycle and were ported (Sun et al., 1997; Tei et al., 1997), mper1 is maxi-
mally expressed at about ZT6. mper2 is also expressedsacrificed at zeitgeber time (ZT) 12 and ZT24 (ZT0 is
when the lights come on, and ZT12 is when the lights at ZT6, but transcripts are more abundant at ZT12 (Fig-
ure 4). Thus, there is a distinct difference in the temporalgo off). Expression of mper2 was seen in the SCN at
ZT12 (Figure 3A) but not at ZT24 (Figure 3B). There was expression profile between the two mper genes. How-
ever, there is an overlap in expression, and if transcriptconstitutive expression in the cornu ammonis and in the
dentate gyrus of the hippocampus (Figure 3C). Expres- patterns reflect those of the proteins, it is possible that
the mper1 and mper2 proteins interact in the SCNsion was also seen in the piriform cortex (Figure 3D). In
the olfactory bulb, transcripts are primarily found in the through the PAS domain.
glomeruli, the region where the olfactory neurons form
synapses with the mitral cells (Figure 3E). Control hy- Circadian Expression of mper2 in the SCN
Persists Under Free-Running Conditionsbridizations with a mper2 sense riboprobe show no sig-
nificant signal (Figure 3F). Expression in the cerebral To examine whether mper2 continues to be expressed
in a circadian fashion under constant darkness, 129/cortex was low (data not shown). We also examined
mper2 expression in the pars tuberalis and the Purkinje SvEvBrd males were transferred from a regular light/
dark cycle to a dark/dark cycle. Starting 72 hr later,neurons of the cerebellum. In 129/SvEvBrd mice, these
tissues expressed mper1 in a circadian fashion (Sun et animals were sacrificed every 6 hr. mper2 expression
in the SCN of these animals is depicted in Figure 5. Atal., 1997), but at ZT6, ZT12, ZT18, and ZT24, mper2 is
not detectable (data not shown). Taken together, mper2 subjective Circadian Time 6 (CT6), expression in the
SCN was low. At CT12, transcript levels had increasedis expressed in the SCN in a diurnal fashion but differs
from mper1 in that it is not expressed in the pars tu- markedly, but by CT18, gene activity had declined to
background levels (Figure 5). We conclude that the diur-beralis and the Purkinje neurons, where mper1 dis-
played a circadian expression pattern (Sun et al., 1997). nal expression pattern and the zenith of mper2 expres-
sion is maintained under free-running conditions. ThisWe next compared the time course of mper1 and
mper2 expression in the SCN using adjacent sections indicates that this gene has this characteristic of a circa-
dian clock gene.from the same animal. Figure 4 shows data for ZT6,
Inducibility of Circadian Regulators by Light
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Figure 4. Expression of mper1 and mper2 in the SCN of Male Mice Kept under a 12 Hr Light/12 Hr Dark Cycle
(Top row) The yellow signal shows the expression of mper1 over 24 hr measured in 6 hr time intervals. Maximal expression is seen at ZT6.
(Bottom row) The red signal shows expression of mper2 in adjacent sections. Maximal expression is seen at ZT12.
Scale bar corresponds to 500 mm.
Entrainment of mper2 Expression by Light completed within this time period (Figure 6, middle row).
This is reminiscent of mper1, whose entrainment is alsoA change in the external light/dark cycle affects the
expression pattern of circadian genes (Hardin et al., completed within 8 days (Sun et al.,1997). Those animals
that were subjected to a 12 hr shift and were analyzed1990; Saunders et al., 1994; Crosthwaite et al., 1995;
Sun et al., 1997). To test whether mper2 transcript levels by day 14 of treatment also adjusted their peak expres-
sion to the new ZT12 (Figure 6, bottom row). From theseare affected by a shift in the light/dark cycle, C57BL/6
mice were transferred to a 12 hr light/12 hr dark cycle, data, we conclude that mper2 expression could be en-
trained to a changed light/dark cycle. Thus, this genewhich had been advanced by either 6 or 12 hr. Animals
were analyzed on the day of the transfer to the new is entrainable like mper1.
condition, and after 8 days (in the case of the 6 hr shift)
or after 14 days (in the case of the 12 hr shift). An adjust- mper1 but Not mper2 Is Induced
by a Pulse of Lightment of maximal expression is clearly seen in Figure 6.
At day 0, that is, prior to entrainment, expression peaked We could infer from our light entrainment experiments
that the expression of both mper genes is influencedat ZT12 (Figure 6, top row). After 8 days of entrainment,
the 6 hr shift experiment again displayed maximal ex- by the light of the zeitgeber. However, these observa-
tions do not establish whether these two genes conferpression at ZT12, indicating that entrainment had been
Figure 5. Expression of mper2 in the SCN in Male 129/SvEvBrd Mice Kept under Free-Running Conditions
Animals were transferred from a 12 hr light/12 hr dark cycle to constant darkness. The bar at the bottom of the figure indicates the subjective
time. Starting 72 hr after the transfer, animals were sacrificed every 6 hr at the times indicated in each of the panels. Strongest expression
of mper2 is seen at subjective circadian time CT12. Scale bar corresponds to 500 mm.
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Figure 6. Entrainment of mper2 Expression in the SCN by a Forward Shift of the 12 Hr Light/12 Hr Dark Cycle by 6 or 12 Hr
Data are from C57BL/6 males.
(Top row) SCN of a reference animal kept in the standard 12 hr light/12 hr dark cycle (zeitgeber light pattern is symbolized by the horizontal
bar). Note maximal expression at ZT12.
(Middle row) Animals sacrificed 8 days following the 6 hr shift of the 12 hr light/12 hr dark cycle (zeitgeber light pattern is symbolized by the
horizontal bar marked D 5 6 hr). High expression is seen at ZT12, indicating entrainment of mper2 expression and acquisition of the new
day/night cycle.
(Bottom row) Animals sacrificed after 14 days following the 12 hr shift of the 12 hr light/12 hr dark cycle (zeitgeber light pattern is symbolized
by the horizontal bar marked D 5 12 hr). Maximal expression of mper2 is entrained to the new ZT12.
Scale bars correspond to 500 mm.
photic response to the circadian clock. The circadian 1990; Kornhauser et al., 1992). The left column in Figure
7 illustrates that mper1 expression is initiated towardregulatory gene period from Drosophila cannot be in-
duced by a pulse of light (Hunter-Ensor et al., 1996; the end of the light pulse and becomes very strong by
30 min. mper1 transcripts are initially confined to theZeng et al., 1996) whereas frequency (frq), a circadian
regulator in Neurospora, is light-inducible (Crosthwaite ventrolateral region of the SCN, but later mper1 mRNA
is found throughout the SCN (Figures 4 and 7, 120 minet al., 1995).
Classical physiological studies establish that, during time point). The SCN of control animals that were not
exposed to light but sacrificed at 120 min (CT24) didthe subjective night but not during the subjective day,
a pulse of light can shift the phase of the circadian not exhibit any mper1 expression (data not shown).
c-fos induction (center column in Figure 7) is slightlyrhythms of mammals (Aschoff, 1969). This suggests that
circadian regulators exist in mammals that respond to more rapid than that of mper1, with transcripts first
detected at 7 min. However, expression is transient,such light pulses. To examine whether mper genes are
turned on by a light pulse, animals were exposed to a declining after 30 min (see also Kornhauser et al., 1992).
Similar to mper1, c-fos transcripts are confined to the15 min long light pulse at CT22, which falls into the
subjective night period. Animals were sacrificed at 7, ventrolateral SCN region. mper2 behaves differently to-
ward a light pulse. Unlike the two other genes, there is15, 30, 60, and 120 min, whereby t 5 0 is the onset of
light. Figure 7 shows the expression of mper1, mper2, no increase in transcription throughout the 2 hr period
of observation (Figure 7, last column). Examination of aand c-fos, an immediate early gene that is rapidly in-
duced by light during the subjective night (Aronin et al., specimen after 4 hr following the light pulse (CT2) did
Inducibility of Circadian Regulators by Light
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Figure 7. Induction of mper1 and c-fos but Not mper2 by a Light Pulse
mper1 expression is shown in yellow (left column), c-fos in white (middle column), and mper2 in red (right column). Sections in a row are
adjacent to each other. The left vertical bar indicates the light pattern consisting of a 15 min light pulse followed by a dark period. Numbers
indicate minutes from the start of the light pulse. Scale bar corresponds to 500 mm.
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not reveal significant mper2 expression (same level of transduced to the SCN through the retinohypothalamic
tract (RHT) (reviewed by Moore, 1995). In the retinorecip-expression as CT24 control animals). This suggests that,
at least as assessed by in situ hybridization, mper2 ex- ient area of the SCN, the region into which the RHT
projects (Hendrickson et al., 1972; Moore and Lenn,pression is not induced by a pulse of light at CT22.
1972; Johnson et al., 1988), this results in a glutamate
release, evoking a calcium influx, which may activate
Discussion the nitric oxide signaling cascade (Ding et al., 1994;
Hastings et al., 1995; Schwartz et al., 1995). The molecu-
In many instances, several vertebrate homologs have lar targets of this signal transduction process are one
been found for each Drosophila gene involved in signal or several proteins of the circadian clock. The properties
transduction. Recent work has identified a mouse gene of the per gene products qualify them as putative circa-
encoding a putative circadian protein named either dian clock components, and as such, they are potential
m-rigui (Sun et al., 1997) or mper (Tei et al., 1997). targets of the signal mediated through the RHT. We
Here we call it mper1. In addition, a cDNA sequence found that mper1 is induced by a pulse of light within
(KIAA0347) that encodes a protein with significant ho- 15 min after turning on the light source. Induction of
mology to the Drosophila Period protein has been re- mper1 by light initially occurs in a small number of ven-
ported (Nagase et al., 1997). In a recent study (Sun et trally located cells, and by 30 min, mper1 transcripts
al., 1997), we noted that KIAA0347 encodes a protein are found in a broader but still ventral region of the SCN.
homologous to human PER1. The function of KIAA0347 This is the retinorecipient area (Hendrickson et al., 1972;
was not known, which prompted us to search for the Moore and Lenn, 1972; Johnson et al., 1988) also charac-
corresponding mouse homolog. A RT-PCR strategy was terized by the expression of several neuropeptides (re-
used to isolate this mouse homolog, which we have viewed in Card and Moore, 1991). Between 60 and 120
designated mper2. Here we show that mper2 is ex- min, more dorsal neurons also initiate mper1 transcrip-
pressed in a circadian pattern in the SCN, maintains tion. This broadening of expression eventually leads to
expression under free-running conditions (constant the uniform expression encompassing the whole SCN.
darkness), and can be synchronized to the cycle of an The induction of mper1 by a pulse of light provided
external light source (entrainment). These are hallmarks at CT22 occurs rapidly. Transcriptional activation of im-
of a circadian gene. Expression of mper1 and mper2 mediate early genes such as c-fos and junB respond
in the suprachiasmatic nucleus is overlapping but not slightly faster, but on a similar time scale (Kornhauser
synchronous. mper1 transcripts culminate approxi- et al., 1992; this study). However, unlike mper1, none of
mately 4 hr prior to that of mper2. We further show that these immediate early genes show a circadian expres-
the SCN of animals exposed to a pulse of light begins sion pattern.At the time of initiation of mper1 expression
transcription of mper1 within 7±15 min. At CT22, mper2 around ZT4 (Tei et al., 1997), c-fos is not inducible by
is not directly light-inducible and thus behaves more light (Kornhauser et al., 1992). frequency (frq), a circa-
like the Drosophila per gene, which is not inducible by dian clock gene in Neurospora crassa, is turned on by
light (Hunter-Ensor et al., 1996; Zeng et al., 1996). light after 5 min and achieves maximal induction by 15
The in situ hybridization analyses of the SCN of ani- min (Crosthwaite et al., 1995), a time scale similar to
mals kept in a 12 hr light/12 hr dark cycle, constant that seen with mper1. A difference between frq and
darkness, or under entrainment conditions show that mper1 is that the message levels of frq begin to decline
mper1 is maximally expressed at ZT/CT6, whereas after 15 min and are close to background levels by 2 hr
mper2 lags behind by approximately 4 hr. However, (Crosthwaite et al., 1997).
mper2 is expressed at ZT/CT6, and thus, the neurons This and a previous study (Sun et al., 1997) show that
of the SCN may contain transcripts from both genes. the expression of mper1 and mper2 is entrainable by
Assuming that the temporal expression pattern of the light. The molecular basis of entrainment may involve
corresponding proteins mirrors that of the transcripts, mper1, because this gene is rapidly light-inducible and
our data raise the possibility that mper1 and mper2 pro- encodes a putative transcription factor. A possible
teins interact directly. The mper proteins have highly model is that light evokes a signal in the retina, which
homologous PAS domains (61% identity), and others is transduced through the RHT to the ventral portion of
have provided evidence that such PAS domains mediate the SCN, the region where mper1 is first transcribed.
the interaction between different PAS domain-con- This sets up a positive autoregulatory loop of mper1
taining proteins and also the interaction with other trans- expression. This initial expression establishes a condi-
acting factors (Huang et al., 1993; Lindebro et al., 1995; tion in which light is no longer required to maintain
Zelzer et al., 1997). It is thus possible that mper1 and 2 mper1 expression. Our data show that mper1 expres-
form heterodimers with each other and with other pro- sion continues hours after the light pulse is terminated.
teins such as clock. Clock transcripts are broadly ex- mper1 would then activate the mper2 gene, which is
pressed in the brain including theSCN (King et al., 1997). not itself light-inducible. The 4 hr time delay between
Several tissues, like testis and skeletal muscle, express mper1 and mper2 expression could be explained by
mper1 and not mper2. In these tissues, mper1 may func- a requirement of a threshold concentration of mper1
tion independently of mper2, possibly in conjunction protein to turn on mper2.
with other PAS domain-containing proteins. What could be the benefit of having both mper1 and
The response of the mammalian circadian clock to mper2 genes? These two genes are clearly not redun-
light is complex and little understood. The activation of dant: they are maximally expressed at different times
of the circadian cycle, they differ with regard to theirphotoreceptors in the retina generates signals that are
Inducibility of Circadian Regulators by Light
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dark-field illumination. Images are videographs captured in Adoberesponse to light, and there are marked differences in
Photoshop.the tissue expression profile. Thus, these two genes
must have different regulatory regions, a diversity that
Acknowledgmentswould allow response to a broader spectrum of input
cues or perhaps interact with different downstream
We are grateful to Dr. Allan Bradley for providing the mice used incomponents. The mper1 regulatory region may respond
this study; Nicole Brodie for sequencing; and Drs. P. J. Hastings
primarily to light, while the regulatory region of mper2 and D. L. Nelson for advice and helpful comments. The laboratory
could respond to hormonal or other signals. Thus, di- of G. E. is supported by the Max-Planck Society. The Laboratory of
verse input signals could result in the biosynthesis of C. C. L is supported by grants from the Clayton Foundation of
Research and DAMD 17±94-J-4484 from the Departmentof Defense.two similar proteins that, due to their relatedness, can
drive the same signaling pathways.
Received December 5, 1997; revised December 8, 1997.
Experimental Procedures
ReferencesRT-PCR and Screening of cDNA Libraries
A PCR fragment for mper2 was obtained by using primers derived
Albrecht, U., Eichele, G., Helms, J.A., and Lu, H. (1997). Visualizationfrom the KIAA0347 sequence in the GenBank data base (Accession
of gene expression patterns by in situ hybridization. In MolecularNo: AB002345). Primers used were 59-GCAGGAAGATGTGGACATG
and Cellular Methods in Developmental Toxicology, G.P. Daston,AGC-39 and 59-GGTCAGAGATGTACACCATCTTCC-39. First strand
ed. (Boca Raton, FL: CRC Press, Inc.), 23±48.cDNA was generated by oligo dT-priming of 1 mg of mouse brain
Albrecht, U., Lu, H.-C., Revelli, J.-P., Xu, X.-C.,Lotan, R., and Eichele,mRNA in a 20 ml reaction using Moloney reverse transcriptase (BRL-
G. (1998). Studying gene expression on tissue sections using in situGIBCO). The PCR reactions were carried out in 50 ml containing 0.5
hybridization. In Human Genome Methods, K.W. Adolph, ed. (BocaU of Taq/pfu polymerase (20:1), 125 mM of dNTP, 1 mM of primers,
Raton, FL: CRC Press, Inc.), 93±120.and PCR extend buffer (purchased from Stratagene). One microliter
of the first strand cDNA synthesis reaction mixture was added as Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J. (1990).
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